Objectives: To introduce a new, fast, reliable, and free from software-related bias method to predict three-dimensionally the root position and angulation during and after orthodontic treatment. The final goal is to keep to a minimum the use of ionizing radiation by eliminating the necessity of multiple radiation exposure for checking root alignment. Results: After crown superimposition, 3D colour maps showed that the accuracy of the root prediction was below 0.1 mm.
| INTRODUC TI ON
In orthodontics, clinicians require several radiographic examinations for three-dimensional monitoring of root movement during treatment and/or after treatment completion (ectopic/impacted teeth, critical tooth movements in periodontally compromised patients, surgical patients): indeed, risk of relapse, periodontal damage, fenestration and dehiscences may be influenced by improper root positions. 1, 2 The visualization of initial and final root position represents a key factor for planning a successful treatment, preventing adverse consequences and improving the long-term stability of clinical outcomes. 3, 4 Owing to the geometric distortion and magnification artifacts in orthopantomography (OTP), cone-beam computed tomographic (CBCT) examinations are best suited for assessing root angulation and parallelism. [5] [6] [7] Lee et al 8, 9 have validated two protocols of integration of pretreatment CBCT teeth into post-treatment model, in order to predict the root position.
These procedures still encounter some difficulties during the data segmentation and fusion; issues in this methodology may be found at operator-related and software-related levels:
1. the threshold segmentation of each tooth from the body structures, as the author reported, is quite time-consuming for a daily use in a clinical setting; moreover, a time-lasting process should be prone to affect the operator burden-to-fatigue, leading to stress-related segmentation bias 10 ;
2. manual adjustments are required to refine CBCT segmentation and minimize the amount of bone surrounding the root, again introducing bias related to operators' experience;
3. cutting tools create a rough separation between crown and root portions, leading to cementum-enamel junction inconsistencies between different teeth.
In order to solve the above-mentioned limitations, this study aims to validate a new direct protocol to merge three-dimensional (3D) data from CBCT scans with digital models, which allows to predict root positions during and at the end of treatment without the use of extra radiation.
| MATERIAL SANDME THODS

| Datacollection
A post-treatment digital model (post-model), a pre-treatment CBCT scan (pre-CBCT) and a post-treatment CBCT scan (post-CBCT)
scans of a patient were retrieved from the database of the Section for Orthodontics, Aarhus University, Denmark. All data were anonymized.
Trios Colour ® intraoral scanner (3Shape Dental Systems, Copenhagen, Denmark) was used to scan digitally the maxillary and mandibular arches, resulting in a stereolithography file (STL) of the post-model crowns of the patient's teeth in high resolution.
Cone-beam computed tomographic-scans had been carried out following the protocol approved by the Section for Oral Radiology, Aarhus University, Denmark.
The patient chosen was a 20-year-old woman with a skeletal open bite and facial asymmetry; a large field of view CBCT-scan (18 × 16 cm) was available at T 0 , before undergoing bimaxillary surgery, and at T 1 , after surgical intervention. All CBCT-scans were acquired using the NewTom 5G (QR, Verona, Italy) with the following acquisition parameters: 3-7 mA, 110 kV, 18 s scanning time, 360° rotation angle, 360 projections. The CBCT scans were reconstructed with a 0.30 mm isotropic voxel dimension.
| Datapreparation
The CBCT scans were exported in the DICOM format and imported into Amira ® software (version 5.2.2; Mercury Computer Systems Inc., Chelmsford, MA, USA).
After applying the appropriate threshold value (1350-3790 for the pre-CBCT and 980-2870 for the post-CBCT) and adjusting colour balance, the relevant structures (ie, roots and crowns) were rightmostly outlined on all the XY (sagittal) view of CBCT ( Figure S1 ).
Then, the "magic wand" tool was used to refine the manual thresholding, by using an algorithm that looks at the gradient of the neighbouring voxels. All the slices were thus interpolated, and a "mask" of the tooth was generated ( Figure S2 ). Finally, the "mask" was converted to a 3D object, with the help of the marching cubes algorithm where the crowns were separated from the gingiva; maxillary and mandibular dental arches were exported as independent STL files.
| IntegrationoftheCBCTrootsintothepostmodel
We set the post-model as a fixed entity of the 3D registration, and the pre-CBCT single teeth were superimposed on it. The Geomagic ® software (version 2014; 3D Systems, Rock Hill, SC, USA) was used to overlay the crowns created using the CBCT data were matched to the crowns of the digital model through a biphasic sequential registration procedure.
Three points on each pre-CBCT and post-cast crown were selected to perform a pre-alignment of the STL files; then, an iterative closest point registration (best-fit method) to bring the isolated pre-CBCT crowns close to the digital model was applied. 
| Accuracyofthemethod
A 3D colour map was used to visualize magnitude of movement at any location between two given 3D surface models. The maximum critical distance between the 3D objects was set at ±0.5 mm, considering that the two most common voxel sizes used for orthodontic CBCT scans are between 0.3 and 0.4 mm, thus resulting in a spatial resolution of about 0.7 mm. 13 In order to assess the accuracy of the iterative closest point superimposition, coloir maps were generated to visualize the distribution and the extent of the changes occurred between: 
| Reliability
All procedures were repeated twice by two operators, with an interval of at least 2 weeks between the measurements. The two investigators, previously calibrated for segmentation and STL registration, starting from the same data source and setting (ie, same computer, same monitor, same protocol), generated different 3D models.
The technical error of the method(s) was calculated for both the intra-and inter-operator agreement using the Dahlberg's formula (s = √∑d 2 /2n, where d = difference between repeated measurements). 14 Bland-Altman plot was applied to evaluate the mean difference distribution. 15 All calculations were performed using SPSS (version 24.0; IBM Corp., Armonk, NY, USA).
| RE SULTS
On average, the accuracy of the registration pre-CBCT/post-model showed a mean displacement below 0.2 mm (Table 1) ; the accuracy of the registration post-CBCT/post-model showed a mean displacement below 0.7 mm (Table 2) ; the accuracy of the method from direct superimposition of the ERP setup on the TRP showed a mean displacement below 0.1 mm (Table 3) .
Angular distances between the pre-and post-CBCT showed an average error of 2.09° (Table S1 ).
Regarding the reliability of the method, the error calculated from the Dahlberg formula was 0.06 for both intra-and inter-operator agreement ( Table 3 ). The Bland-Altman plots showed good reliability of the method and no systematic errors both for the intra-and for inter-operator comparison were detected ( Figure 3A ,B).
| D ISCUSS I ON
Digital models are becoming the gold standard for measuring tooth size, arch width and length, occlusal and irregularity indices, and
Bolton ratio 16 ; however, root position cannot be accurately assumed from crown inclination in a clinical situation. 17 To identify three-dimensionally the root position before treatment, CBCT seems to be the method of choice, and this constitutes TA B L E 3 Mean Euclidean (ME) distances, maximum distances and standard deviation of ME distances between expected root position and true root position the rationale for its use in orthodontic treatment planning of complex cases. For example, in order to assess accurately the position and inclination of impacted teeth in relation to the neighbouring roots and the alveolar bone boundaries, this 3D radiographic approach represents the key to ascertain treatment prognosis. 18 With the development of the computer-aided technology, the digital set-up allows the dentist to determine the final position of the crowns before the treatment starts. 19 As a consequence, this give the unprecedented opportunity, of paramount importance, to determine before treatment start the final position of the roots.
TA B L E 2 Mean Euclidean distances between post-CBCT and post-model
Clinicians often require multiple CBCTs for monitoring and determining the final root position in complex cases; however, due to ethical implications, the justification of such radiation dose has been a matter of constant discussion, especially in a pediatric population. 20 The present novel approach opens the doors to clinical scenarios for cases where a pre-operative CBCT radiograph is still mandatory (eg, impacted and ectopic teeth, critical tooth movements in periodontally compromised patients, surgery first cases) but progress and post-treatment OTP and/or CBCT scans could be avoided. [21] [22] [23] Type and amount of tooth movement could be carefully planned by clinicians taking in consideration both the position of the roots of contiguous teeth as well as the thickness and the morphology of the alveolar bone envelop. [24] [25] [26] Direct superimposition between ERP and TRP was tested to be accurate through the colour maps and demonstrated a clinically acceptable level of agreement. The average angular error was 2.09°, which is below the clinical minimum detectable angle of the human eye. 27 The proposed method achieves a similar or better level of precision as compared to what has been reported by other studies.
8,9
| Strenghtsandlimitationsofthemethod
Segmentation: the innovation of the proposed method lies in the ability to obtain a semi-automatic segmentation, avoiding the need of manual adjustments or post-processing tools (smoothing, wrapping, triangle reduction) that may be time-consuming and cause further distortions of the actual roots' anatomy. 8, 9 Integration of CBCT into digital model: the segmentation of the crowns on the digital model prior to the 3D objects registration allows an easier surface fitting, without the need of selecting the crown portion of each tooth.
3D comparison: the avoidance of the manual separation through the cutting tools of the crown from the root portion of CBCT teeth, as proposed by Lee et al, 9 limits the manual operation of adding or subtracting tooth structure, which might result in discrepancies at the cementum-enamel junction level.
In the present study, the evaluation of the accuracy of segmentation was tested on the crown of the teeth; indeed, further studies are needed to create a ground truth image for segmentation of the roots in digital image processing.
Even though the present method has proven to be accurate and feasible, it is not completely artifact-free, since some manual steps are still needed in the digital workflow: CBCT and model segmentation, 3D objects registration and comparison. 8, 9, 27 Moreover, this method requires a steep learning curve: assuming that the clinician has some knowledge in 3D image processing, 2-3 hours are necessary to get familiar with software packages, although to reach an expert level takes considerably longer.
In a research environment, the abovementioned approach has endless potential for construction of 3D anatomical model and morphometric analysis, yet for a clinical use, costs of software, computer system requirements, and time, represent major disadvantages of these technologies. 28, 29 The whole procedure (ie, from segmentation to integration into digital cast, including 3D comparison) takes approximately 30 minutes per tooth to be completed; however, the first two step that are needed in a routine workflow will take less than half this time with the nowadays state-of-art tools.
F I G U R E 3 Bland-Altman plots showing: A, intra-operator agreement; B, inter-operator agreement Thus, in order to make this methodology applicable in a clinical context, a user-friendly interface, allowing also non-experienced operators to perform quick and reliable manipulation of digital data, is needed. 30 
| CON CLUS ION
The integration of CBCTs scans into digital models has the potential to have a clinical impact in respect to ionizing radiation exposure: it provides a framework to achieve precise 3D simulation of root alignment and position during and after orthodontic treatment yet eliminating the necessity of multiple radiation exposures. This radiation reduction to the patient, yet maintaining or even improving the level of precision and accuracy in the treatment, supports the concept of moving from "As Low As Reasonably Achievable" (ALARA) to "As Low As Diagnostically Acceptable" (ALADA). 31, 32 
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